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Abstract--The reflectivity of the bottom of a solar pond increases on account of the accumulation of 
dirt or the presence of undissolved salt. The effect of the reflection of the solar radiation at the bottom 
of the pond on the seasonal performance of the pond has been studied using a three zone model. The 
spectral reflectivity of dirt and common salt were measured in the laboratory and used in the analysis. 
The results obtained from the analysis show that the presence of dirt at the bottom of the pond does 
not affect the performance of the pond substantially. On the other hand, the presence of undissolved 
salt at the bottom of the pond results in substantial deterioration of the pond performance. 

INTRODUCTION 

The solar pond has the potential to become the most 
economical method for the collection of  solar en- 
ergy in large scale. The use of  the solar pond for 
generation of electric power has been demonstrated 
recently[l] .  Solar ponds have also been used for 
process heating and chemical recovery[2]. Since a 
solar pond is exposed to the elements its perform- 
ance can deteriorate with time. The two major fac- 
tors reduce the amoun t  of  solar radiation absorbed 
at the bottom of  the pond. The transmissivity of  the 
pond can decrease dramatically on account of algae 
growth. This problem has been successfully solved 
by the use of copper  sulphate or chlorine[3]. The 
absorption of solar radiation at the bot tom of the 
pond can be reduced by the accumulation of dirt or 
presence of undissolved salt. There is no Simple 
method for the removal  of  the dirt from the bottom 
of  the pond. Hence it is essential to predict how 
the performance of  the solar pond is affected by the 
reduction of solar absorptivity at the bot tom of  the 
pond. Kooi[4] was the first to study the effect of 
diffuse reflection at the bottom of the pond. His 
analysis indicated that the efficiency of  a solar pond 
decreases linearly with the reflectivity of  the bot- 
tom of the pond. His analysis did not, however,  
account for multiple reflections. 

Hawaldar and Brinkworth[5] have considered 
the effect of bot tom reflectivity on the thermal ef- 
ficiency of  a solar pond. They assumed,  however,  
that the reflection at the bottom is specular.  This 
assumption is not realistic since the dirt or undis- 
solved salt at the bottom of  the pond has rough tex- 
ture. Hence the reflection will be diffused rather 
than specular. Katti  and Bansal[6] considered mul- 
tiple reflections but Guha[7] has shown that their 
analysis contains many conceptual errors.  Hull[8] 
has considered mult!ple reflections between the 
bottom surface of  the pond and the water-air  in- 
terface at the top. Hull was able to express  the mod- 
ified absorptivity product defined by Kooi[4] in 
terms of four universal functions. Guha[7] has, 

however,  found that the numerical values of these 
functions given by Hull were not correct. (Hull[14] 
has recently provided,  the correct values of  these 
functions.) The variation of  absorptivity-transmis- 
sivity product  with reflectivity is shown in Fig. 1. 
We see that results obtained by Guha[7] using 
Hull 's  method are higher than those presented by 
Hull[8]. Cengel and Osizick[9] have also considered 
the effect of  multiple reflections in the solar pond. 
Their basic formulation seems to be different from 
that of  Hull[8]. But the two approaches can be 
shown to be equivalent. Cengel and Osizick[9] have 
also accounted for the presence of  diffuse solar ra- 
diation. They have shown that the diffuse solar ra- 
diation can be considered to be equal to direct solar 
radiation with a zenith angle of  60 degrees. Both 
Kooi[4] and Hull[8] concluded that the thermal ef- 
ficiency of  the solar pond decreases linearly as the 
reflectivity of the bottom of  the pond increases. 
Cengel and Osizick[9] have, however, concluded 
that the energy absorbed in the storage zone of  the 
pond increases as the reflectivity of the pond in- 
creases. They have therefore suggested the use of  
a partially reflecting bot tom surface to increase the 
thermal efficiency of  the pond. They came to this 
erroneous conclusion because they assumed that 
any solar energy absorbed at the bottom of the pond 
would be lost by conduction to the ground. Most  
of the work done so far has been limited to the study 
of the steady-state performance of  the pond. In 
practical applications, it is desirable to know the 
effect of  increase in bot tom reflectivity on the sea- 
sonal performance of the solar pond. 

PRESENT MODEL 

To study the effect of  bottom reflectivity on 
the seasonal performance of  a solar pond, we con- 
sider a simple three layer model of  the solar pond. 
The temperatures of  the bot tom and top convective 
zones are assumed to be uniform but allowed to 
vary with time. The temperature profile in the gra- 
dient zone is assumed to be a quadratic. We did not 
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Fig. 1. Comparison of absorptivity transmissivity product 
trr as a function of reflectivity R for different calculational 

methods. 

ature profile: 

T =  T, + ( T b - -  T,) 

assume the temperature profile in the gradient zone 
to be linear because this would result in the over- 
esiimate of  heat loss from the lower convective 
zone. We can write three equations representing the 
energy balance in the three zones (see Fig. 2): 

dT~ K OT I pC~Z,-Ti  = ~ ~, 
i 

- QL + S[Hr(0)  - H r ( Z 0 ] ,  

dTb K OT [ 
pCt,(D - Z2) d'-T - OZ z2 

OT 02T 
pc,  T; = K Z 

(Z - ZI)  

(Z 2 - ZI)  

(Z - Z 0  (Z - Z2) 
- 0.5 + Tc (Z2 - Z 0  (Z2 - Z 0 '  (4) 

where Tc (which is a function of  time only) repre- 
0.4 sents the deviation from linear profile in the gra- 

dient zone. Using the quadratic profile in eqns (1), 
,~ (2), (3) and integrating eqn (3) from ZI to Z2 we get 
d 

0.3 dTs 

dt = a  

D.2 

(1) 

-- QR -- Qa  + SHz(Z2) ,  (2) 

OHT 
S 

OZ 
Z = < Z < Z z ,  (3) 

where p = density, Cp = specific heat, K = ther- 
mal conductivity,  T, = surface temperature,  and 
Tb = bot tom temperature.  

The first two equations represent  the energy bal- 
ance on the upper and lower convective zone, re- 
spectively. QL is the heat loss from the top surface 
by evaporat ion,  convection and radiation. QR is the 
rate of  heat removal from the lower convection 
zone and QG is the rate of  heat loss to the ground. 
S is the solar insolation and H r ( Z )  is the fraction 
of solar radiation which reaches level Z directly or 
after multiple reflections. The third equation rep- 
resents the energy balance in the gradient zone. 
This equation can be converted to an ordinary dif- 
ferential equation by assuming a quadratic temper- 

[Tb -- Ts - T¢] QL 

ZI(Z2 - Zt )  pCpZl 

S 
+ ~ [nr (0)  - HT(Z0] ,  (5) 

[Tb -- T, + Tc] Qo 
- -  OL 

(D - Z2) (Z2 - Z l )  pCp(D - Z2) 

+ SHT(Z2) (6) 
pC,,,(D - Z2) ' 

dTb 
dt 

OR 
pCp(D - Z2) 

dTb + d T s  1 dZc 
dt dt 3 dt 

_ 4aTe 2S[Hz (ZO - HT(Z2)] (7) 
(22 "-" ZI)  2 + pUp(Z2 - Z1) ' 

where ¢t = K/pCp = thermal diffusivity.. 
We now have three coupled ordinary differential 

equations. These can be integrated in time if we 
provide the daily solar radiation, ambient temper- 
ature, relative humidity and wind data. In the above 
equations the heat loss from the surface of  the pond 
(QD was calculated in a manner suggested by Ki- 
shore and Joshi[10]. The ground heat loss was cal- 
culated according to the correlation provided by 
Hull et al.[l 1]. This correlation takes into account 
the perimeter  heat losses in a small solar pond. The 
fraction of  solar radiation reaching a given level in 
the pond (Hr )  was calculated according to proce- 
dure outlined by  Hull[8]. We have, however,  cor- 
rected the errors in numerical calculation of f(~)  
(defined by Hull[8]) and used a four band model for 
spectral variations.  The use of  a very sophisticated 
spectral band model is not necessary because the 
transmissivity of a solar pond varies a lot on ac- 
count of  suspended matter and algae. The reflec- 
tivity of  dirt and salt was measured with a spectro- 
photometer  (see the Appendix for details). The 
above ordinary differential equations were inte- 
grated numerically using a forward difference 
scheme with a time step of 8640 seconds.  

RESULTS 

The methods outlined in ihe previous sections 
were used to predict the performance of  a 240 m 2 
solar pond at the Indian Institute of Science, Ban- 
galore (latitude 13°). The daily solar radiation, tern- 
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perature, wind and humidity were interpolated from 
monthly data for Bangalore. These values are 
shown in Fig. 3. The equations were integrated for 
one year  so that the initial transients a re  removed.  
The performance of  the pond in second and sub- 
sequent years was found to be essentially same. 
The results presented in this paper  are for the sec- 
ond (and subsequent) year ' s  operation of  a solar 
pond with the following characteristics: 

Pond location 

Pond size and 
configuration 

Banga lo re ,  Ind ia  ( la t i tude 
13 ° ) 

240 m 2 (8 m x 30 m) 

Zone  t h i c k n e s s  
S torage  1 m 
G r a d i e n t  1 m 
Sur face  0.35 m 
G r o u n d  t h e r m a l  1.5 W / m  K 

c o n d u c t i v i t y  
W a t e r  t ab le  dep th  10 m 

We first examined the seasonal variation of stor- 
age zone temperature with no heat extraction. In 
Fig. 4 the variation of  storage zone temperature for 
different bot tom reflectivities is shown. We find the 
presence of dirt (reflectivity = 0.1) does not reduce 
the storage zone temperature substantially. On the 
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other hand, the presence of  undissolved or precip- 
itated salt can reduce the storage zone temperatures 
substantially. The actual reduction will depend 
upon the grain size of salt which affects the reflec- 
tivity of  the bottom of the pond. The use of  undis- 
solved salt piles has been suggested as a method 
for passive stabilization of gradient zone boundary 
by Hull[12]. This simple and ingenious technique 
may, however,  result in substantial deterioration of  

solar pond performance.  Hull[13] has indicated, 
however,  that the salt pile need not cover  the whole 
pond. Hence the reduction in efficiency indicated 
here may be an overestimate.  In addition Hull has 
pointed out that dust can also accumulate on the 
salt pile and reduce its reflectivity. When the re- 
flectivity of  the bot tom of  the pond is high it is nec- 
essary to include multiple reflections between the 
bottom and water-air  interface at the top. In Fig. 
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Fig. 4. Effect of bottom reflectivity on storage zone temperature. 
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5, the storage zone temperatures in a pond with 
black-bottom is compared with one with reflectivity 
of  0.4. For  the case of  the pond with bottom re- 
flectivity of  0.4 two results are shown. One includes 
only single reflection at the bottom of  the pond 
while the other takes into account multiple reflec- 
tions between the bottom surface of the pond and 
the air-water interface at the top. We find that the 

neglect of  multiple reflections results in underpred- 
iction of  the storage zone temperatures• Hence in 
solar ponds with high bot tom reflectivities it is es- 
sential to include multiple reflections. In Fig. 6 the 
variation of yearly average heat extraction effi- 
ciency with reflectivity of  the bottom is shown. We 
have considered three storage zone temperatures.  
It is assumed that heat  extractions are undertaken 
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so that the s torage zone  t empera tu res  are main- 
tained at the values  shown in figure. We find that 
the year ly  heat  extract ion ef f ic iency decreases  lin- 
early wi th  ref lect ivi ty  o f  the bo t tom of the pond.  
This resul t  is similar to that obta ined  by the steady- 
state analysis  o f  Kooi[4] and Hull(8]. This  implies 
that s teady-s ta te  analysis is adequa te  for the eval-  
uation o f  year ly  heat  ex t rac t ion  eff ic iency of  solar  
ponds.  In many  process-heat ing  applications the 
heat  loads are seasonal.  In such cases  it is necessary  
to per form an uns teady-s ta te  analysis  to obtain in- 
format ion on the per fo rmance  o f  the pond in a g iven 
season.  The  effect  o f  different  heat  ext ract ion rates 
on the s torage zone t empera tu re  (for bot tom re- 
f lect ivi ty of  0.4) is shown in Fig. 7. For  example ,  
if a cer ta in  p rocess  needs hot  wa te r  at 70°C in winter  
then we  cannot  have heat  ex t rac t ion  rates greater  
than 10 W/m 2. 

CONCLUSIONS 

We h~tve shown that the p resence  of  dirt at the 
bo t tom o f  a solar  pond does  not  affect its perform- 
ance substantial ly.  The  p re sence  of  undissolved salt 
results in a large decrease  in s torage zone  temper-  
ature o r  heat  ext ract ion eff ic iency.  Hence  the use 
o f  undissolved salt for  pass ive  stabilization of  gra- 
dient zone  must  be looked at afresh since it results 
in a large reduct ion in s torage zone temperatures  
or  heat  ex t rac t ion  efficiencies.  
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APPENDIX: REFLECTIVITY. MEASUREMENT 

The reflectivity at the bottom of the pond can increase 
on account of dirt or the presence of undissolved salt. As 
far we know no published data are available on the spec- 
tral reflectivity of dirt or salt. We obtained a representative 
sample of dirt which had been deposited at the bottom of 100 i 
a 240 m 2 solar pond at the Indian Institute of Science, 
Bangalore. This dirt contained mostly sand. The spectral 
reflectivity of this dirt (in the wet condition) was measured 
using a UV-visible spectrophotometer (with an attachment 
for measuring diffuse reflectance). We measured also the ~ 80 
spectral reflectivity of common salt used in the pond. We 
measured spectral reflectivity of three kinds of common 
salt. The commercial coarse (grain size 2 mm), commercial 
fine (grain size around 0.5 mm) and table salt (grain size >, 60 
around 0.2 ram). The spectral reflectivity of all these (and 
the black polyethylene linear) are shown in Fig. 8. From e'- 
this figure we find that the spectral reflectivity increases 4(3 strongly with wavelength. We find to our surprise that the "rt_ 
spectral reflectivity of dirt is not very high. On the other 
hand, we find that the spectral reftectivity of common salt 
can be quite high. The spectral reflectivity of table salt is )~ 
higher than 0.6. If salt precipitates out during the cooling 20 
of the storage zone its grain size can be as low as that of 
table salt. We can integrate this spectral reflectivity over 
the solar spectrum to obtain the total reflectivity. We need, 
however, information on the nature of the solar radiation 
spectrum at the bottom of the pond. This is shown in Fig. 
9. This figure was obtained based on the spectral model 
proposed by Cengel and Osizick[9]. The nature of the solar 
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Table I. 

Total diffuse reflectlvlty, R 

Pond 
depth 

Black Polyethylene Pond Commercial Commercial 
sheet dirt salt Salt 

(Coarse) (Fine) 

Table 
Salt 

1.5 m 

3 m  

5 m  

0.05 0.084 0.351 0.498 

0.05 0.081 0.349 0.495 

0.05 0.078 0.492 0.579 

0.585 

0.582 

0.579 

spectrum depends upon the depth of the solar pond. The 
total diffuse reflectivity of the different materials for dif- 
ferent pond depths is shown in Table 1. We find that the 
total reflectivity is not a strong function of pond depth. 

For the purpose of analysis we will assume the following 
representative values of the total reflectivity of the above 
materials: (1) black polyethylene, 0.05. (2) Pond dirt, 0.1. 
(3) Salt (commercial), 0.4. (4) Table salt, 0.6. 


